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© Phase modulation. 



® A travelling wave laser amplifier (2) is operated 
as a phase modulator by applying a modulation 
signal on the bias injection current. To increase 
modulation frequency response at the higher end 
and to minimise unwanted amplitude modulation the 
input optical signal and injection bias current are 
preferably set so that the amplifier is running under- 
saturated gain conditions. 



K POL ADJ 8 6 
FC LAS£P J ' i 



in 

CO 



ULI 



Fig. 1 



LASER MONITOR 



LEC LASER 



POL ADJ AMPLIFIER 



POL ADJ 



OPTICAL 
OUTPUT 



MODULATION 
INPUT 




*J IHW-^ 



AMP BIAS 



BIAS TEE 



Xerox Copy Centre 



BNSDOCID: <EP 0373945A1J_> 



BEST AVAILABLE COPY 



1 



EP 0 373 945 A1 



2 



PHASE MODULATION 



This invention relates to modulation and espe- 
riallv to phase modulation of laser amplifiers. 
C % esently there is much attention being given 
to development of coherent optical transmission 
system. It is often preferred to utilise phase modu- 
Kon and for this purpose most of the proposed 
systems utilise lithium niobate phase modulators. A 
Vantage of .ithium niobate modulatory ms ha 
there is an attendant loss of several dB and it is 
Sore desirable to amp.ify the signal after mod- 
ilation in order to compensate for this loss. Travel 
£? wave or near travelling wave amplifiers have 
Teen used for this purpose, however the need to 
Se both a modu.ator and an amplifier leads to 
inrreases in cost and sensitivity penalties. 

The present invention is directed towards pro- 
viding phase modulation by direct modulation of a 

'Accordingly the present invention provides a 
ph ase modulator comprising a travelling wave Maser 
amplifier having an optica, input, an optica, output 
and an injection bias current input in which a 
modulation signal is imposed on the bias current to 
orovide a phase modulated optical output. 

The invention also provides a_phase shift 
keyed optical signal modulation system coding 
an optical carrier signal source and an informat on 
^ source in which the optical carrier signal s 
Sut to a travelling wave laser amplifier and is 
ph P a Se modulated by applying the informal , s,g- 
nal to modulate the refractive index of at least the 
active region of the laser amplifier. 

The expression 'optical' as used in the present 
specification should be construed as mclud.ng 
wave "ngths in and beyond the visible ^spectrum 
Ind to include wavelengths generated by and de 
tectable by semiconductor devices. 

The expression 'travelling wave amplifier re- 
f P rs to the type of laser amplifier in which the 
Xt ^are anSef lection coated in order to minimise 
reSon "uhin the laser cavity, the expression s 
?Z construed to include so called 
wave amplifiers' in which there remains a res.dual 
facet reflectivity, typically resulting m a ,JB 9™ 
ripple but not limited to a 3 dB gam nPP» e . ma " 
lm since for some applications greater gain rip- 
ple may be tolerated. f 
P The invention is now descnbed by ^ wa o 
example with reference to the accompanying draw 

' n9S ,n ^ure : i is a schematic diagram of a modu- 
,ation circuit according to a preferred embod.ment 

° f * e JSSh a schematic illusion of phase 
modulation versus modulation frequency for an em- 
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8. At the laser amplifier the output is phase modu- 
lated due to "the refractive index changes induced 
in the amplifier by superimposition of the varying 
modulation input bias on the dc amplifier bias. The 
modulation of the bias current is output as a phase 
modulation because of the travelling wave nature of 
the amplifier. A change in the refractive index in a 
laser cavity alters the number of wavelengths (or 
part wavelengths) accommodated in the cavity 
length. In a laser with reflective facets this results 
in a change in the standing wave and therefore a 
change in the output wavelength. However in a 
travelling wave amplifier the wave continues propa- 
gation out of the amplifier (without substantial re- 
flection) and the output light is phase shifted by the 
apparent change in path length caused by the 
refractive index change. The refractive index 
change is applied over the active region by virtue 
of modulation of the injection current, however 
some modulation of the confinement region may 
occur. 

Since the losses in the system prior to the 
laser amplifier are not excessive, totalling perhaps 
only 2dB in a dedicated system in which there may 
only be an isolator between the transmission layer 
and laser amplifier, compared with over 10 dB for 
systems utilising lithium niobate modulators it is 
not necessary to run the amplifier at maximum 
gain, and therefore for some applications it is pref- 
erable to set the dc bias and input optical power so 
that the gain is saturated. Under these conditions 
the amplifier gain is of the order of 4 dB compared 
with a possible 13 to 15 dB for low input optical 
power and unsaturated gain. Two advantages result 
from modulating under saturation conditions: firstly 
due to the saturation and relatively low gain the 
residual amplitude modulation is small because the 
output amplitude is comparatively insensitive to the 
small bias changes of the modulation signal, and 
secondly the modulation frequency response is 
more rapid due to the carrier, lifetime being short- 
ened because of the greater level of stimulated 
emission at saturation. 

■ A prototype modulator circuit was tested in the 
arrangement shown in Figure 1. The transmission 
laser 1 was a miniature grating external cavity laser 
providing a spectral linewidth of about 10 KNz at 
1530 nm, giving incident optical power to the laser 
amplifier of -19 dBm. An indium gallium arsenide 
phosphide laser amplifier 2 was used with a 25 mA 
bias current providing a fibre - fibre gain of 4 dB. 
The laser amplifier had single layer antireflection 
coatings on both facets providing residual reflectiv- 
ity of less than 0.3 percent. 

A sinewave modulation was used as the input 
modulation bias and a scanning Fabry Perot inter- 
ferometer was used to observe the output modula- 
tion from the laser amplifier, phase modulation be- 



ing observable as changes in the relative intensities 

of the modulation sidebands. Residual amplitude 

modulation could also be observed as asymmetry 

in the intensities of the modulation sidebands. 
5 Assuming that the sub-threshold dependence 

of refractive index on carrier density is 

dn/dN = -1 x 10" 2O cm 3 

where n = refractive index 

N = number of carriers per cm 3 
10 and using an empirical value for the rate of change 

of carriers with injection current I of 

dN/dl = 8 x lO l6 cm- 3 mA" t 

then the dependence of refractive index on injec- 
tion current is dn/dl = -8 x 10-* 4 mA-* 1 
75 In an amplifier of length L = 500 microns the 

current change required for a phase shift of * at a 
wavelength \o of 1 500 nm is given by 

= (\o/2L)/(dn/dl) = 1.9 mA Thus it is predicted 
that a modulation of the order of 2 mA on the. bias 
20 current would provide a phase shift of 1 80 . 

* In practice it was found that with the circuit of 
Figure 1 a current modulation an order of mag- 
nitude above the prediction was required with 26 
mA modulation being required for a peak to peak 
25 phase shift at 600 MHz. The phase shift achieved 
depended upon the modulation frequency and this 
is shown in Figure 2. tt is likely that the results may 
be improved in terms of obtaining better high fre- 
quency response by modification of the packaging, 

30 but nevertheless the initial results from a non dedi- 

cated package demonstrate significant phase mod- 
ulation efficiencies of 0.1 to 0.3 radians per mA 
were achieved for modulation frequencies in the 
range of 100 MHz to 2 GHz. 
35 The residual amplitude modulation was cal- 

culated from measurement of modulation 
sidebands using the Bessel function 
E(t) = E 0 (1 + m. sin (W m t)) sin [W 0 t + A 0 sin 
W m t)] 
40 where: 

E is the field amplitude of the modulated signal 
m is the amplitude modulation index 
A 0 is the phase deviation 
W m is modulation frequency 
45 The worst case AM index is given by: 

m = 0.655 [(R - 1)/(R + 1)1 

where R is the ratio of the upper to lower sideband 
intensities. 

Applying these expressions to spectra ob- 
so served using the scanning Fabry-Perot interfero- 
meter showed residual amplitude modulation of the 
• order of 0.05 in a modulation power of + 7 dBm, 
at a current modulation of 26 mA with a » peak to 
peak phase shift at 600 MHz modulation frequency. 
55 From these results it is demonstrated that 

modulation frequencies in excess of those that 
might be expected and supression of amplitude 
modulation are achievable by modulation of a trav 
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elling wave amplifier under saturation conditions. 
For some applications, for example where relatively 
• ,ow frequency (e.g. less than 1 GHz) modulation 
and/or significant amplitude modulation can be tol- 
erated the amplifier may be operated to provide 
higher gain and not under saturated gam Con- 
ditions, i *-* al. 

We have discovered, very surprisingly, that ai 
though low facet reflectivity is necessary, there is 
nevertheless an advantage in having some res.dual 
reflectivity, of say from 0.1 to 0.3 percent 

Specifically, we have discovered that there is a 
cyclical variation in residual amplitude modulation 
for a given phase modulation with a linear variation 
in amplifier bias current, and that is means that it 
this possible to achieve much lower levels of am- 
plitude modulation than would otherwise be ex- 
pected, merely by selecting an appropriate bias 
current level such that the amplifier operates at a 
low point in the AM/bias current curve. 

This behaviour is illustrated in Figures 3, 4 and 
5 m Figure 3, a parameter alpha is shown to 
fluctuate cyclically with respect to "las currert 
while gain increases. Alpha is defined as the ratio 
of the changes in the real part of the refractive 
index to the changes in the imaginery part (gam or 
loss). A large alpha corresponds to a small level of 
intensity modulation - as illustrated in Figure 4 in 
which m is the intensity modulation index, m - u.d 
for a 50 percent or 3dB optical power change 
Figure 5 shows the alpha data plotted with the 
phase modulation index which falls monotomcaiiy 
with increasing bias. . 

In a further preferred embodiment, the level of 
amplitude modulation transmitted is ^her limited 
through the use of a gain saturated region between 
the output of the modulating laser amplifier and the 
port through which the output signals are launched 
(which will normally be an optical fibre). The gam 
saturated region or device operates as an optical 
limiter. The gain saturated region may be a sepa- 
rate laser amplifier operated in a saturated regirne. 
but is more preferably formed as a region of a 
monolithically integrated device which also com- 
prises the modulating laser amplifier. In such a 
monolithically integrated device the waveguide lay- 
er is preferably continuous, just the top (.e. remote 
from me substrate) contact layer(s) beng divded 
so that control currents can be fed to the two 
device parts independently. Typically with such a 
device the modulating section would be °.ased to a 
high level, while the limiting section ("downstream 
of the modulating section) would be biased I to ,* 
much lower level and operated in a saturation re 
gime. Similar biasing arrangements would I apply 
even when two separate, ie non-integrated. dev,ces 

^ Rnal'ly, it is worth noting that there is no re- 



quirement for the modulating laser amplifier to i be 
accurately wavelength matched to the epical 
source it is only necessary that the source 
wavelength be within the gain profile of the modu- 
s lating device. 



Claims 

1 A phase modulator comprising- a travelling 
wave' laser amplifier having an optical input an 
optical output and an injection bias current nput on 
which a modulation signal is imposed on the bias 
current to provide a phase modulated opt-ca. out- 

,5 PUt 2 A phase modulator according to claim 1 in 
which the laser is operated under saturated con- 

dlti °3 S A phase modulator as claimed in claim 1 
20 wherein the laser amplifier has residual faceueflec- 
tivities which give rise to cyclical vana ions in re- 
sidual amplitude modulation of an optical output 
with changes in the injection bias current 

4 A phase modulator as claimed in claim 3 
25 wherein the facet reflectivities are in the range 0.1 
to 0 3 percent inclusive. 

5. A phase shift keyed optical communications 
system comprising a phase modulator according to 
anvone of claims 1 to 4. . „ +;rtrte 

3 0 6. A phase shift keyed optical communicat ons 
system as claimed in claim 5 as dependent on 
cSm 3 or claim 4 wherein the laser ampuls 
operated at a bias current which corresponds to a 
Sum or near-minimum in a plot of amplitude 
« modulation against drive current. 

7 A phase shift keyed optical signal modula- 
tion system comprising an optical carrier signal 
source" and an informal signal source m w ch 
the optical carrier signal is input to a travelling 
40 wave "laser amplifier and is ^™£5J,2 
applying the information signal as an el ct ical sg 
nal to modulate the refractive index of at least the 
nai to mouu o amplifier by direct modu- 

active region of the laser ampiu er uy 
. iation of the carrier density within the laser am 

45 Plifi 8' A modulation system according to clam 7 in 
which the optical carrier signal source compnses a 

,aSe 9. A modulation system according to claim J or 
50 claim 8 in which the carrier density 

by modulation of bias injection current to the laser 

amP !o 8 A modulation system according to any of 
claims' 7 to 9 in which the power of the optical 
S5 slgnaf input to the laser amplifier is adjusted to 
saturate the gain of the laser ampler 

11 A modulation system according to any at 
claims 7 to 10 in which the dc injection current 
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applied to the laser amplifier is adjusted to saturate 
the gain of the laser amplifier. 

12. A method of providing a phase shift keyed 
modulation of an optical signal comprising inputting 

an optical carrier signal to a travelling wave laser 5 
amplifier and phase modulating the carrier by ap- 
plying a modulation to the refractive index of at 
least the active region of the laser amplifier by 
applying a modulation signal to the injection cur- 
rent bias of the laser amplifier. 10 

13. A method of modulation according to claim 

12 in which the optica! signal strength input to the 
amplifier is arranged to saturate the gain of the 
amplifier. 

14. A method of modulation according to claim 75 

13 in which saturation is achieved by adjustment of 
the dc level of the injection current to the laser 
amplifier. 
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